Introduction {#Sec1}
============

The novel coronavirus (2019-nCoV) was first widely known after the detection of unexplained pneumonia in the early 2020. Due to the lack of knowledge on this newly emerging virus, the 2019-nCoV began to spread rapidly and a large outbreak of the disease was globally reported. As the research goes on, a serious yet common scenario is the possibility of the aerial spreading in a relatively closed environment. Today's world is characterized with large traffic flows at all scales. As a result, a large number of people stay in a closed space like cars, trains and airplanes often for quite long. Even if there is no contact between people, the airborne virus may still cause infection. For example, the Diamond Princess, the world's most luxurious ocean liner, had on board more than 3700 people. A passenger was confirmed the 2019-nCoV infection on February 1st, which was followed with a total of 691 infections by the date of February 24th, with an infection rate of 18.6% \[[@CR1]\].

With the pandemic inflicting the globe, a large number of passengers return home by air or other means of transportation. Due to the strict prevention and control measures of many governments, local traffic flows of people are restricted and residential areas become relatively isolated. According to statistics  \[[@CR2]\], humans spend 87% of their time indoors and 6% in confined microenvironments, e.g., vehicles. Therefore, living and working in a closed environment constitutes the main scene in our everyday life. Studying the dynamics of infection in a closed or semi-enclosed environment is of great significance for the ongoing and future epidemic prevention and control.

After the outbreak of the epidemic, much research \[[@CR3]--[@CR5]\] has been done to describe its development and containment, many of which are based on the susceptible--exposed--infected--removed (SEIR) compartment model, incorporating data from different temporal and spatial regions  \[[@CR6]\]. Through large-scale data analysis and extensive numerical simulation, the basic regeneration numbers $\documentclass[12pt]{minimal}
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                \begin{document}$$R_0$$\end{document}$ of 2019-nCoV  \[[@CR7]--[@CR10]\] are estimated, according to which appropriate measures may be planned and implemented for an efficient prevention and control. As a typical example, according to the latest data, Zifeng Yang  \[[@CR11]\] plotted the future development curve of the pandemic, based on an artificial intelligence (AI) approach, to estimate the parameters for large-scale simulations of phenomenological models such as the SEIR, similar to what has been done in many other works.

However, little has been done to model the viral spreading in a confined space and check how physiological specifics of individuals interact with ambient viruses. Here, we build a fully stochastic model, trying to answer some of these questions. The contamination, shedding and spreading of the virus are modeled in detail for each agent. All the stochastic simulation is done based on the Gillespie algorithm \[[@CR12]\]. The results obtained are highly consistent with the statistics procured from the real data \[[@CR13], [@CR14]\].

In this study, a new model is built to simulate the dynamics of the 2019-nCoV infection in a confined space, which includes different characteristics of individuals during the transmission of 2019-nCoV and in the immune response. We estimate various parameters in our model in view of the data in news reports and published articles. Finally, by comparing results in different conditions, reasonable suggestions are made for the actual epidemic prevention and control.

Model {#Sec2}
=====

According to the characteristics of human infection, in the susceptibility--exposure--infection--recover (SEIR) compartment model, each individual can be in one of the five states : susceptible (S), exposed (E, infected without symptoms), hidden (H, infected without symptoms for a very long incubation period compared to the exposed), infected (I, with symptoms and infectiousness) and recover (R, never susceptible anymore). In our new model, we do not explicitly classify people into these five categories and the state of each individual is determined by two variables $\documentclass[12pt]{minimal}
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                \begin{document}$$(n_v, t_v)$$\end{document}$, being, respectively, the concentration of the 2019-nCoV in his body and the body tolerance to this virus. A person with $\documentclass[12pt]{minimal}
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                \begin{document}$$n_v =0$$\end{document}$ can be regarded as a susceptible person (S). For $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0<n_v<N$$\end{document}$, where $\documentclass[12pt]{minimal}
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                \begin{document}$$N \left( \times 10^4 \hbox {units}/\hbox {m}^3\right) $$\end{document}$ is a given threshold which satisfies a uniform distribution in the interval \[0, 8\]; the virus carrier can be regarded as being in an incubation period (E). As the concentration of virus increases, in general, symptoms such as cough, fever, or slow movement, become more and more obvious. However, a high tolerance will exempt a person from these symptoms. As different people have different tolerances, for convenience, we assume that the tolerance $\documentclass[12pt]{minimal}
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                \begin{document}$$t_v \left( \times 10^4 \hbox {units}/\hbox {m}^3\right) $$\end{document}$ to the 2019-nCoV satisfies a uniform distribution in the interval \[0, 10\]. We do not know how $\documentclass[12pt]{minimal}
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                \begin{document}$$t_v$$\end{document}$ are distributed in the crowd, so a uniform distribution is assumed in the model. However, the simulation results do not seem to depend sensitively on the exact functional form of these distributions. Since it is hard to directly measure $\documentclass[12pt]{minimal}
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                \begin{document}$$t_v$$\end{document}$ at this time, we assume that the moving speed of a person $\documentclass[12pt]{minimal}
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                \begin{document}$$s_v=s_\mathrm{speed}*\frac{1}{1+2*10^{-4}*n_v^{11-t_v}}$$\end{document}$, where $\documentclass[12pt]{minimal}
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                \begin{document}$$s_\mathrm{speed}=4000$$\end{document}$ m/day, such that $\documentclass[12pt]{minimal}
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                \begin{document}$$s_v$$\end{document}$ may be used to map the tolerance. For $\documentclass[12pt]{minimal}
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                \begin{document}$$n_v>N$$\end{document}$ but $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$s_v<T$$\end{document}$ where *T* ($\documentclass[12pt]{minimal}
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                \begin{document}$$=2000$$\end{document}$ m/day) is another given threshold, the person is deemed to be infected (I) with symptoms (slow movement). However, for $\documentclass[12pt]{minimal}
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                \begin{document}$$s_v>T$$\end{document}$, the person would be identified as asymptomatic (H) with no obvious symptoms. In our model, states of individuals with diverse physiological conditions are subject to dynamic changes according to their interaction with viruses in a closed environment, where spatial factors play an essential role in that the spreading of the virus and the infection of human are tightly correlated in both space and time.

Even if a susceptible individual is exposed to the virus, he may not become infected, since a small number of viruses invading the human body can be completely degraded and eliminated by our immune system. Only when the virus concentration accumulates to a point that defies the immune system, the virus starts to proliferate exponentially. In the model, the rate of virus reproduction in the body is assumed to be sigmoidal $\documentclass[12pt]{minimal}
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                \begin{document}$$P_T=\alpha *\left[ 1+\tanh \left[ z*\left( n_v-N\right) \right] \right] $$\end{document}$, where $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha $$\end{document}$ is a basic production rate and *z* controls the steepness of the switch function. The parameter *N* is the previously mentioned threshold with an average value of 4. As shown in Fig. [1](#Fig1){ref-type="fig"}, when the virus concentration in the body exceeds $\documentclass[12pt]{minimal}
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                \begin{document}$$4\times 10^4$$\end{document}$ units/m$\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$ \[[@CR15]\], the rate of virus reproduction will be greatly increased.Fig. 1The rate of virus reproduction $\documentclass[12pt]{minimal}
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                \begin{document}$$P_T$$\end{document}$*vs* the virus concentration $\documentclass[12pt]{minimal}
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                \begin{document}$$n_v$$\end{document}$. $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha =3,z=1,N=4$$\end{document}$

In the simulation, each individual will be infected with certain probability after contacting with the virus environment. Here we distinguish the virus inside the body of concentration $\documentclass[12pt]{minimal}
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                \begin{document}$$n_v$$\end{document}$ from that on the body surface, characterized by the surface contamination degree $\documentclass[12pt]{minimal}
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                \begin{document}$$b_s$$\end{document}$. Each grid point (*m*, *n*) can only be occupied by at most one person and the change of the virus concentration $\documentclass[12pt]{minimal}
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                \begin{document}$$p_t\left( m,n\right) $$\end{document}$ could be described by the following reactions$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} p_t\left( m,n\right) \xrightarrow {\gamma _b} b_s\,, b_s \xrightarrow {r_b} p_t\left( m,n\right) \,, b_s \xrightarrow {\gamma _c} n_v , \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma _b=2.3\times 10^4$$\end{document}$ units/day is the contamination rate, $\documentclass[12pt]{minimal}
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                \begin{document}$$r_b=0.1\times 10^4 units/day$$\end{document}$ is the rate at which the virus peels off into the air from the body surface and $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma _c=1.8\times 10^4$$\end{document}$ units/day is the rate of viral invasion into the human body.Fig. 2Schematic representation of human movement and virus spreading: people (green circles), viruses (yellow blob), and the width of the blue arrow signals the probability of diffusion. (Color figure online)

Since individuals in the asymptomatic incubation period are already infectious, they can release the virus to the environment at a rate $\documentclass[12pt]{minimal}
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                \begin{document}$$r_f$$\end{document}$, so does the individual in state I. The changes of the virus concentration in the body and the antibody concentration secreted by immune cells are described by the reactions below$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned}&n_v \xrightarrow {r_f} p_t\left( m,n\right) \,,n_v \xrightarrow {P_T} 2n_v \,,\\&n_v \xrightarrow {r_c*n_{Ab}} \phi \,, Ag \xrightarrow {r_{Ab}} 2Ag, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$r_f=\frac{1}{\tau }\times (1+\frac{2*10^{-4}*n_v^3}{1+2*10^{-4}*n_v^3})$$\end{document}$ with $\documentclass[12pt]{minimal}
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                \begin{document}$$\frac{1}{\tau }$$\end{document}$ the basic rate, and $\documentclass[12pt]{minimal}
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                \begin{document}$$P_T$$\end{document}$ is the rate of virus reproduction in the body. $\documentclass[12pt]{minimal}
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                \begin{document}$$r_c$$\end{document}$ is the rate of virus being killed by antibody, and $\documentclass[12pt]{minimal}
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                \begin{document}$$n_{Ab}$$\end{document}$ is the antibody concentration in the body, which is produced at the rate $\documentclass[12pt]{minimal}
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                \begin{document}$$r_{Ab} \left( \times 10^4 \hbox {units}/\hbox {day}\right) $$\end{document}$ being assumed to have a uniform distribution in the interval $\documentclass[12pt]{minimal}
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                \begin{document}$$[0\sim 0.01]$$\end{document}$. With the increase of virus concentration in the body, the epidemic symptoms like coughing is turning obvious, so the releasing of the virus to the environment is getting fast. However, we assume that when each infected individual releases the virus to the environment in this way, the body virus concentration does not change.

The diffusion and decay of virus concentration in the environment is modeled by the following reactions$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned}&p_t\left( m,n\right) \xrightarrow {r_d}\phi \,,p_t\left( m,n\right) \xrightarrow {D}\frac{1}{2}*p_t\left( m,n\right) \\&\sum _{\left( m_1,n_1\right) }p_t\left( m_1,n_1\right) =\frac{1}{2}*p_t\left( m,n\right) . \end{aligned}$$\end{document}$$Since the coronavirus can survive in the air for almost 3 hours \[[@CR16]\], its decay rate is $\documentclass[12pt]{minimal}
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                \begin{document}$$r_d= 8\times 10^4 \hbox {units}/\hbox {day}$$\end{document}$. The diffusion coefficient of virus is very weak $\documentclass[12pt]{minimal}
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                \begin{document}$$(D_v=2.9\times 10^{-11} \hbox {m}^2/\hbox {s})$$\end{document}$ \[[@CR11]\]. However, due to the movement of individuals in space and sneezing to the air, the small-scale air flow increases effectively the diffusion and an effective coefficient may be set as $\documentclass[12pt]{minimal}
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                \begin{document}$$D = 2.5\times 10^{-5}\ \hbox {m}^2/\hbox {s}$$\end{document}$. In total, the concentration change in a time interval $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \Delta p_t\left( m,n\right)&=p_{t+\Delta t}\left( m,n\right) -p_t\left( m,n\right) \nonumber \\&=D*\left[ \sum _{\left( m_1,n_1\right) }p_t\left( m_1,n_1\right) -d*p_t\left( m,n\right) \right] \Delta t\nonumber \\&\quad -r_d*p_t\left( m,n\right) *\Delta t+r_b*b_s*\Delta t+r_f*n_v*\Delta t \end{aligned}$$\end{document}$$where *D* is the virus diffusion coefficient and $\documentclass[12pt]{minimal}
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                \begin{document}$$d = 4$$\end{document}$ is the coordination number of the simulation lattice. The summation is over the adjacent lattice points.

We use Gillespie algorithm to carry out the simulation of the stochastic dynamics. Information vectors are used for each individual and each grid point and get updated in each time step. The closed space is modeled as a square grid with a side length of 100 m, where the distance of adjacent grid points is 5 m. These individuals are homogeneously mixed in the space, and no attention in the model is paid to his or her own social contact network. Due to the epidemic, in a typical situation, everyone's activities are restricted and most people spend 90% of their time in a more or less stationary state \[[@CR2]\] and 10% in active motion. We treat each movement of an individual as a reaction. If the reaction occurs, the person can move to a randomly chosen adjacent grid point. The spreading of 2019-nCoV is a random motion in which not all viruses move together to one adjacent grid point. Only half of the viruses move to the neighboring points, such that concentration on the grid point (*m*, *n*) is reduced by half, and the other half is randomly distributed to the four adjacent grid points (Fig. [2](#Fig2){ref-type="fig"}).Fig. 3Plot of the simulation results. **a** The spatial distribution of individuals in different states, and the virus concentration in space, with the infected individual (I, red X) and the susceptible (S, green circle). The time course of the number of I (**b**) and H (**c**). **d** The simulated infection rate *vs* the real infection rate on the Princess Diamond. (Color figure online)Fig. 4Schematic indication of the serial interval. There are two stages for an infected person: the incubation period (blue) and the infection period (red). (Color figure online)Fig. 5The result of reducing the rate of virus release from the human body. **a** The spatial distribution of individuals in different states, and the distribution of virus concentration in space, with the infected (I, red X) and the susceptible (S, green circle). The time course of the number of I (**b**) and H (**c**). (Color figure online)Fig. 6Influence of two different measures on the infection rate. **a** The number of the infected *vs*$\documentclass[12pt]{minimal}
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                \begin{document}$$\tau $$\end{document}$. **b** The distribution of the number of the infected with people dwelling for 90% of the time (black) and for 50% of the time (green), in 30 repeated simulation. (Color figure online)

Results {#Sec3}
=======

At the initial moment, we have 74 susceptible (S) individuals in a closed environment among which one is infected. The initial concentration of the virus in the infected (I) individual is $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$50\times 10^4 \hbox {units}/\hbox {m}^3$$\end{document}$. As shown in Fig. [3](#Fig3){ref-type="fig"}, after 24 days in the simulation, 14 people become infected in the confined space. The highest concentration at some grid point can reach almost $\documentclass[12pt]{minimal}
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                \begin{document}$$20\times 10^4 \hbox {units}/\hbox {m}^3$$\end{document}$. The number of people infected has been increasing over time. There are two asymptomatic infections. After averaging through multiple simulations, as shown in Fig. [3](#Fig3){ref-type="fig"}d, we display the evolution of the infection rate within 24 days, and compare it with the real data on the Diamond Princess. The curves seem to be in good agreement. The first day of the horizontal axis represents February 1, 2020, with the first confirmed case among tourists. On February 24, an average of 13.4 people were infected with the 2019-nCoV in our model, and the infection rate was 18.1%, which was basically the same as the infection rate of 18.6% on the Diamond Princess.Fig. 7Simulation results with $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma _b = 0.6\times 10^4 units/day$$\end{document}$. **a** the spatial distribution of individual in different states, and the distribution of virus concentration in space, with the infected individual (I, red X) and the susceptible (S, green circle). The time course of the number of I (**b**) and H (**c**). (Color figure online)Fig. 8Simulation for different virus source locations. The infected individual (I) is in the center of the space (**a**), and at the bottom of the space (**d**). The airflow is blowing down. The time course of the number of I (**b**, **e**) and H (**c**, **f**)Fig. 9The impact of the airflow. **a** The distribution of people (circles) and viruses (encoded with bar colors). The air is blowing from the center. The time course of the number of I (**b**) and H (**c**). **d** The distribution of the number of the infected in a confined space *vs* that in an open space from 30 realizations. (Color figure online)
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                \begin{document}$$R_0$$\end{document}$ depends on the exponential growth rate of the outbreak, as well as the serial interval (SI), which is defined as the time duration between a primary and a secondary case-patient (infector) having symptom onset  \[[@CR17]\] (Fig. [4](#Fig4){ref-type="fig"}). In the model, because no epidemic prevention measures are taken, the number of infected people is growing exponentially, so we calculate the exponential growth rate as $\documentclass[12pt]{minimal}
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                \begin{document}$$r=\ln (I(t))/t$$\end{document}$ , where *I*(*t*) is the number of infected people by time *t*  \[[@CR8]\]. Taking the average value over a few realizations, the exponential growth rate is estimated to be 0.1081/day (the corresponding doubling time was 6.19 days). Based on the SEIR model, Joseph T Wu  \[[@CR7]\] estimated the basic regeneration number as 2.68 and the doubling time as 6.4 days; Qun Li  \[[@CR18]\] analyzed data on the first 425 confirmed cases in the early stage and found that the epidemic is doubled in size every 7.4 days with a mean serial interval of 7.5 days. According to the definition of SI, we can calculate the mean and standard deviation of the SI $\documentclass[12pt]{minimal}
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With windows being open to ventilation in this confined space, the virus will slowly float out of the boundary. In the model, we add a directional ($\documentclass[12pt]{minimal}
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                \begin{document}$$v_f=10$$\end{document}$ m/day) component to the virus velocity, aligned with the airflow. When the upper and lower boundaries of the space are open, as shown in Fig. [8](#Fig8){ref-type="fig"}, compared with the enclosed space in Fig. [3](#Fig3){ref-type="fig"}a, the virus concentration is much lower. However, in Fig. [8](#Fig8){ref-type="fig"}a, the number of infected people is not much lower than that in the enclosed space, mainly because the infected individual is in the upstream of the airflow, which exposes a lot of susceptibles to the virus. As can be seen from Fig. [8](#Fig8){ref-type="fig"}d, if instead the infected is put downstream of the airflow and next to the open boundary, the infection will decrease significantly. With all four boundaries being removed and the airflow blowing from the center, as shown in Fig. [9](#Fig9){ref-type="fig"}a, the virus is hardly concentrated. In Fig. [9](#Fig9){ref-type="fig"}d, a total of 30 simulations are conducted to find out how many people were infected 24 days later in a closed environment with the air blowing from the center. In the simulation, the initial location of the infected person is random. It is easy to see that in this condition, the number of infected people is considerably reduced when having airflow from center.

Discussion {#Sec4}
==========

Through the newly constructed virus infection model, we provide useful guidance for effective prevention and control of the COVID-19 spreading, such as restricting the movement of people and placing the ventilation opening in the right position, reducing the releasing of the virus and the contact of susceptibles with unfriendly environment. All the measures will reduce the infection rate and prevent the virus from spreading to various extents. Even very simple practice such as wearing a mask could be a very effective prevention measure, especially in confined spaces. In the presence of ventilation, if the airflow is slow and only in one direction, it does not necessarily reduce the infection rate. On the contrary, it helps spread the virus and makes people downstream of the airflow more prone to viruses. To reduce the infection rate, proper arrangement of the ventilation is needed, for example, open the boundary of the space as much as possible and send fresh air from its center.

In the model, each individual has its own immunity and tolerance to the virus. We express it by the virus concentration threshold *N*, the virus concentration tolerance $\documentclass[12pt]{minimal}
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                \begin{document}$$r_{Ab}$$\end{document}$. Currently, there is not enough data to take sensible statistics for these parameters and hence their exact distributions are unknown. In the current paper, a convenient form of these distributions is assumed and the plausibility is verified by comparing the simulation results with clinical data. Nevertheless, it seems that the results do not depend sensitively on the exact functional form of the distributions. It is very desirable to excavate more information from the data on these parameters.

In the future, we should start an extensive investigation of the interaction between the virus and the human immune system to microscopically compute various simulation parameters for different people to see how they are related to human genetic features. From a physicist's point of view, it is also very interesting to construct a more realistic model to more accurately simulate different airflows from different ventilation facilities, and check the passive motion of the virus under different air conditions. Expectedly, human social networks also play a very important role in the spreading of the disease, which should be carefully considered in the study of the large-scale infection.
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